[1] The goal of this study was to test the hypothesis that the aggregated state of natural marine particles constrains the sensitivity of optical beam attenuation to particle size. An instrumented bottom tripod was deployed at the 12-m node of the Martha's Vineyard Coastal Observatory to monitor particle size distributions, particle size-versus-settlingvelocity relationships, and the beam attenuation coefficient (c p ) in the bottom boundary layer in September 2007. An automated in situ filtration system on the tripod collected 24 direct estimates of suspended particulate mass (SPM) during each of five deployments. On a sampling interval of 5 min, data from a Sequoia Scientific LISST 100x Type B were merged with data from a digital floc camera to generate suspended particle volume size distributions spanning diameters from approximately 2 mm to 4 cm. Diameter-dependent densities were calculated from size-versus-settling-velocity data, allowing conversion of the volume size distributions to mass distributions, which were used to estimate SPM every 5 min. Estimated SPM and measured c p from the LISST 100x were linearly correlated throughout the experiment, despite wide variations in particle size. The slope of the line, which is the ratio of c p to SPM, was 0.22 g m −2 . Individual estimates of c p :SPM were between 0.2 and 0.4 g m −2 for volumetric median particle diameters ranging from 10 to 150 mm. The wide range of values in c p :SPM in the literature likely results from three factors capable of producing factor-of-two variability in the ratio: particle size, particle composition, and the finite acceptance angle of commercial beam-transmissometers.
Introduction
[2] Suspended particulate mass (SPM) in natural waters affects a variety of processes. It can block light, smother organisms living on the seabed, transport particle-attached contaminants, and degrade the aesthetics of coastal waters [e.g., Smith et al., 1995; Moore et al., 1997; Santschi et al., 1997; Fabricius and Wolanski, 2000] . Long, high-resolution time series of directly measured SPM are desirable due to the high frequency and episodic nature of SPM variability, yet they are not practical to assemble because of the substantial time and labor required to measure SPM directly. Water must be collected, and then the particles must be filtered and weighed. The need to know suspended sediment concentration, paired with the difficulty of measuring it directly, has led to the development of instruments that link water column optical properties to SPM. Unfortunately, since their invention, optical instruments have been undermined by concerns regarding sensitivity to particle size [e.g., Downing, 2006] .
[3] Optical instruments were developed in large part to permit continuous, remote, in situ sensing of suspended particulate mass over a range of forcing conditions. Ironically, this goal was motivated partly by the knowledge that particle size can change dramatically in response to forcing by waves and currents, which, according to theory based on solid spheres, makes the conversion from optical properties to SPM uncertain [e.g., Baker and Lavelle, 1984] . A recent model of the optical properties of suspensions of natural particles, however, proposes that because many marine particles are aggregates, sensitivity of optical properties to particle size may be constrained [Boss et al., 2009b] . The goal of this paper is to use in situ measurements to examine this hypothesis.
Background
[4] Particles suspended in water attenuate light, either by absorbing it or by scattering it. The interaction of light and particles in water is complex, but when a suspension is dilute and the positions of particles are random and time-varying, which is an accurate description of many marine particle suspensions, attenuation caused by a group of particles can be found simply by summing the contributions of individual particles [van de Hulst, 1981] . Alternatively, light attenuation can be measured to extract information about the concentration of suspended particles. This is a common application of beam transmissometers.
[5] Transmissometers measure the drop in intensity of a nearly monochromatic light beam as it traverses a fixed distance. The drop in intensity is converted to a particulate beam attenuation coefficient with the equation [e.g., van de Hulst, 1981] 
where J o is the intensity of light measured in a volume of particle-free water (cd), J is the measured intensity in the presence of particles (cd), and L (m) is the path length over which the transmitted beam travels (see Notation section). Note that equation (1) actually defines the beam attenuation coefficient due to both particles and dissolved substances in the water and that the attenuation due to water is removed by comparing measured intensity to intensity in particle-free water. Because commercial transmissometers measure optical attenuation at wavelengths of light minimally affected by attenuation by dissolved substances [cf. Bricaud et al., 1981] , however, the measured attenuation coefficient is typically equated to the particulate beam attenuation coefficient. This coefficient, c p , has units of m −1 and can be linked to particle properties by summing the individual contributions of all particles to attenuation.
[6] Attenuation due to a single particle of diameter D is represented by the product of a diameter-dependent dimensionless attenuation efficiency, Q c (D), and the geometric cross section of the particle. The attenuation per unit of volume of water due to all particles on the size interval D to D + dD is found by multiplying the attenuation due to a single particle of that size by n(D), which is the number concentration per unit of volume between D and D + dD. The variable n(D) has units of number per unit volume per diameter increment, or m −4 . Attenuation due to all particles in a suspension is found by integrating over the entire range of particle sizes:
The variables D min and D max are the smallest and largest particle sizes found in a suspension. The values of D min and D max are not well defined and vary among environments [e.g., Yamasaki et al., 1998; Mikkelsen et al., 2006] . Submicrometer particles are abundant in the ocean, with concentrations linked to biological activity. It is not clear the degree to which these particles exist as independent entities or within aggregates of many particles [Yamasaki et al., 1998 ].
As a result, the definition of D min remains an operational one. Maximal particle size is affected by resuspension, particle aggregation and disaggregation, sedimentation, and advection [Mikkelsen et al., 2006] . Its definition also is often operational or based on in situ observations.
[7] The conversion of beam attenuation coefficient to SPM is achieved by substituting an expression that contains suspended mass concentration on the interval
. Suspended number concentration may be written in terms of suspended mass concentration by dividing the latter by the mass of an individual particle of diameter D:
The term r s (D) is the density of a particle of diameter D (g m −3 ). The dependence of c p on suspended sediment concentration can be clarified by defining a mass frequency distribution, f m (D), which is simply the suspended mass concentration of particles of diameter D divided by the total suspended mass concentration:
By substituting equation (3) into equation (2) and rewriting the mass concentration as the product of SPM and f m (D) (equation (4)), an expression for attenuation as a function of suspended particulate mass results:
Equation (5) demonstrates that attenuation of light by particles will be directly proportional to suspended particulate mass only if the shape of the particle size distribution, which is described by the frequency distribution f m (D), the maximum and minimum particle sizes, the attenuation efficiency, and the particle density are constant. In practice, the variables in the integral are not known a priori nor are they expected to be the same in different suspensions, so a calibration is carried out in which measured attenuation coefficients are regressed on measured SPM to obtain the value of the integral. This value is referred to either as the c p :SPM ratio or the massnormalized beam attenuation coefficient, c p* . In this paper, the former will be used. The units of c p :SPM are m 2 g −1 , demonstrating that this ratio expresses the optical cross section per unit mass of particles in suspension.
[8] Numerous studies reveal a range in the values of c p : SPM that extends over an order of magnitude from as low as 0.05 to as high as 1.5 (Figure 1 ). The most obvious candidate for causing this range of values is variable particle size in suspension, which can vary by over two orders of magnitude in natural bottom-boundary layer suspensions [e.g., Mikkelsen et al., 2006] . A useful way to illustrate the potential sensitivity of c p :SPM to size is to consider a suspension composed of spheres of a single diameter. Under this assumption, c p :SPM simplifies considerably:
For solid spheres of identical composition and density, and diameters much larger than the wavelength of light, all terms in equation (6) are constant except for D [van de Hulst, 1981] . Under these circumstances this equation shows that c p :SPM is inversely proportional to the diameter of the spheres in suspension. Small particles, which are still large relative to the wavelength of light, attenuate more light per unit of mass than large particles because they have larger surface to volume ratios. To explain an order of magnitude variability in c p :SPM simply requires a similar range in particle size [Baker and Lavelle, 1984; Wiberg et al., 1994; Bunt et al., 1999; Mikkelsen, 2002] . Observations of suspended particle size distributions in bottom boundary layers show that such a range in variability is typical, with Mikkelsen et al. [2006] , for example, observing a range in median suspended particle diameter in Adriatic bottom boundary layers of 17-2800 mm. Acceptance of size variation as the underlying cause of the observed variability in c p :SPM, however, undermines confidence in the applicability of attenuation as a proxy for suspended sediment mass [e.g., Fugate and Friedrichs, 2002] . In short, variability in attenuation caused by changes in particle size can be of similar magnitude to variability caused by changes in suspended particulate mass. Without independent measurements of particle size, assigning variations in attenuation to mass or size is not possible [Mikkelsen and Pejrup, 2000] . Despite this potentially profound problem, transmissometers continue to be a reasonably accurate tool for estimating suspended sediment concentration [e.g., Bunt et al., 1999; Mikkelsen and Pejrup, 2000; Boss et al., 2009c] .
[9] In a study commissioned by the Alliance of Coastal Technologies (ACT), Boss et al. [2009c] compared colocated measurements of the beam attenuation coefficient and SPM. The ACT data set was collected from moored deployments at eight test sites representing a range of environmental conditions including a tropical coral reef, a high turbidity estuary, the open ocean, and a freshwater lake. Beam attenuation and SPM both ranged over two orders of magnitude in the combined data set. The fraction of organic to total mass also varied among the sites. Particle size was not quantified, but the diversity of environments likely produced a range in size distributions. Despite observed and presumed variability in the factors that define c p :SPM, the relationship between beam attenuation and SPM was constrained, with 95% of values of SPM predicted from c p falling within 54% of the measured SPM. This factor of 2 range of variability is much smaller than equation (6) would suggest based on expected variability in particle size. This scale of variability in c p :SPM has been found by others in environments where particle size is variable [Bunt et al., 1999; Mikkelsen and Pejrup, 2000] . Figure 1 . Literature values of c p :SPM plotted versus the maximum reported suspended sediment concentration during the study. Note the general decrease in c p :SPM as maximum reported SPM increases. This decrease is similar to the one reported by Baker and Lavelle [1984] as measurements moved from deep to shallow water. The choice to plot c p :SPM versus the maximum reported suspended sediment concentration was a practical one because maximal sediment concentration typically is reported in studies, whereas water depth at site of measurement is not always reported, particularly in pelagic studies. Furthermore, Baker and Lavelle [1984] argue that the trend of decreasing c p :SPM with decreasing water depth reflects increasing energy in shallower waters, which in turn causes elevated sediment concentrations and larger particle sizes.
[10] Particle aggregation offers a mechanism for resolving the paradox of small variability in c p :SPM in the presence of large variability in particle size. In natural waters particles clump to form aggregates, which are also referred to as flocs. Aggregates form where conditions produce encounters between particles in suspension and when there is a mechanism to make colliding particles stick. Particles encounter one another due to turbulent shear, differential settling, and Brownian motion [cf. McCave, 1984] , with moderate turbulence favoring frequent collisions, but energetic turbulence leading to aggregate breakup [cf. Winterwerp and van Kesteren, 2004] . Cohesion of particles can be mediated electrochemically via compression of ionic electrical double layers around charged particles in water with salinities above a few parts per thousand. Alternatively, adhesion can occur via organic bridging between particles [cf. Hill et al., 2007] .
[11] Early in the study of aggregates, it was recognized that aggregate density is a decreasing function of aggregate size, indicating that mass scales as diameter raised to a power less than 3 [e.g., McCave, 1984] . The relationship between diameter and mass subsequently was described in terms of fractal geometry, for which the mass of a particle scales with diameter raised to an exponent known as the fractal dimension, F [e.g., Orbach, 1986] :
In equation (7) r a (D) is the density of an aggregate of diameter D. The value of F typically is determined by measuring in situ size-versus-settling-velocity relationships and then solving for the density required to produce the observed settling velocity for an aggregate of size D. The log of density is then regressed on the log of diameter to produce an estimate of F [Hill et al., 1998; Sternberg et al., 1999; Fox et al., 2004] . Rewriting equation (7) in terms of aggregate density indicates that it is proportional to D (F−3) . Values of F near 2 are common, meaning that density of an aggregate scales approximately with the inverse of aggregate diameter.
[12] Substitution into equation (5) of an expression for aggregate density that assumes F = 2 produces an interesting result:
where constants have been dropped for convenience. This equation can be simplified further by noting that, because marine aggregates are much larger than the wavelength of light, Q c (D) is approximately equal to 2 [van de Hulst, 1981] . So, for a suspension in which the majority of mass is in aggregates, c p :SPM does not depend on diameter because the integral of the mass frequency distribution over all particle sizes is, by definition, equal to unity (equation (4)).
[13] The theoretical result that c p :SPM is not dependent on diameter if F = 2 has been noted by several authors [Hill et al., 1994; Hatcher et al., 2001; Ganju et al., 2006; Curran et al., 2007] . This relatively simple analysis was extended by Nikora et al. [2004] to argue that aggregates with fractal dimensions less than or equal to 2 rendered optical properties insensitive to particle size. Berry and Percival's [1986] work on aggregates in smoke can be interpreted similarly. For aggregates with fractal dimensions less than 2, the optical cross section of an aggregate is proportional to the sum of the optical cross sections of its component particles, so packaging of individual particles into aggregates does not affect the overall optical properties of the suspension.
[14] These arguments are illustrative, but perhaps too simplistic, because they do not address the likelihood that marine aggregates are not true fractals, with one fractal dimension that describes the entire size distribution [Khelifa and Hill, 2006; Maggi, 2007] . Instead, smaller aggregates likely have larger "fractal dimensions" than larger aggregates. Boss et al. [2009b] incorporated more realistic descriptions of particle geometry into an optical model of aggregates and applied it to a range of idealized, power law size distributions. This theoretical work showed that the relative insensitivity of c p :SPM to particle size persists. Another potential limitation of the theoretical work is the use of power law size distributions, for which concentration is a monotonic function of size. Natural distributions of particle volume typically possess a distinct mode and at times are observed to be bimodal [e.g., Mikkelsen et al., 2007] . Such distributions may also affect the sensitivity of c p :SPM to variations in particle size. Therefore, to test the hypothesis that the relative size invariance of c p :SPM is due to the fractal geometry of natural aggregates, this study was designed to gather simultaneous, in situ measurements of attenuation, SPM, and particle size distribution over a range of forcing conditions in a coastal bottom boundary layer.
Methods
[15] The Modified in Situ Size and Settling Column Tripod (MINSSECT) was deployed to measure c p , SPM and particle size distributions. The MINSSECT is the successor to the INSSECT [Mikkelsen et al., 2004] , carrying the same basic set of instrumentation on a different frame. MINSSECT has a Sequoia Scientific LISST 100x Type B laser particle sizer and a Digital Floc Camera (DFC) to measure a range of particle diameters from approximately 2 mm to 4 cm. The LISST also measures the beam attenuation coefficient, c p . Size-versussettling-velocity measurements are made with a digital video camera that images a slab of fluid in a settling column. These measurements are used to estimate particle density as a function of particle size, which in turn allows estimation of SPM based on particle size distributions measured with the LISST and DFC. A new addition to the MINSSECT is an in situ water filtration system (McLane Research Laboratories, Inc. Phytoplankton Sampler). With this system, the accuracy of the conversion from suspended volume to suspended mass can be evaluated by comparing estimated and observed SPM. All instruments were mounted so the centers of the measuring volumes were located 1.2 m above the seabed.
[16] MINSSECT was deployed at the 12-m offshore node of the Woods Hole Oceanographic Institution's Martha's Vineyard Coastal Observatory (MVCO) [Edson et al., 2001] . The facility is located on the south coast of Martha's Vineyard, along a relatively straight 25-km stretch of sandy coastline that faces the open ocean to the south. The MVCO includes a small shore lab, a 10-m meteorological mast, a subsurface node mounted in 12-m water depth approximately 1.5 km offshore, and an air-sea interaction tower (ASIT) at the 15-m isobath. The meteorological and subsea instrumentation are connected directly to the shore lab via a buried electro-optic power cable. The core set of instruments at the meteorological mast measure wind speed and direction, temperature, humidity, precipitation, CO 2 , solar and IR radiation, momentum, heat, and moisture fluxes. The core oceanographic sensors at the 12-m offshore node measure current profiles, waves, temperature, salinity, and nearbottom wave-orbital velocity and low-frequency currents.
[17] Five deployments of the MINSSECT occurred in September 2007. The first extended from 1 to 2 September, the second from 2 to 9 September, the third from 10 to 13 September, the fourth from 13 to 19 September, and the fifth from 20 to 24 September. To minimize the effects of biofouling, windows of the LISST and the cameras were cleaned between each deployment. During the deployments, prevailing winds were from the south (Figure 2 ), with periods of southerly winds separated by several days of northerly winds. The periods of northerly winds generally were associated with long, low-amplitude swell, while southerly winds produced shorter period, larger waves that reached significant wave heights near 2 m. September was chosen as the deployment month because of the range of forcing conditions typical of this time of year.
[18] The LISST estimated the volume concentration of particles with diameters in the range 1.25-250 mm at 5-min intervals. The LISST measured the intensity of light (670 nm) scattered by particles onto 32 logarithmically spaced ring detectors. It also measured how much light was transmitted across its 5-cm path length. The pattern of scattered light was inverted into a particle size distribution using an instrumentspecific calibration of the scattering pattern of particles of known size and volume concentration [Traykovski et al., 1999; Agrawal and Pottsmith, 2000; Mikkelsen et al., 2005] . The distribution was divided into 32 logarithmically spaced size bins with diameter midpoints of the bins ranging from 1.36 to 230 mm, herein referred to as bins 1-32. Assuming spherical geometry, the particle size distributions were converted to area and volume distributions. Sequoia Scientific's spherical scattering property kernel matrix, as opposed to the recently developed random-shape matrix, was used to invert the data. The ratio of the intensity of the transmitted light in a sample to the intensity of light transmitted through a chamber of particle-free water was used to calculate the attenuation coefficient, c p (equation (1)). This method removes attenuation due to water. Attenuation due to dissolved substances is minimized by using a wavelength (670 nm) for which absorption by these substances is small [Bricaud et al., 1981] .
[19] A digital floc camera (DFC) [Mikkelsen et al., 2004 ] captured silhouette still images of suspended particles every 5 min, coincident with the LISST. The field of view was a 4 × 4 × 2.5-cm slab of water that flowed between two glass plates. The pixel size of the DFC is ∼15 mm. To be considered a particle, objects were required to comprise a minimum of 9 pixels, so the smallest particle that was resolved was approximately 45 mm in diameter (3 × 3 pixels). For each deployment, an area of interest (AOI) was chosen to analyze only the best portion of the images, minimizing the interference of quasi-stationary debris on the glass plates. The color images were cropped to the AOI, transformed to gray scale, and processed using a top-hat filter to smooth the background pixel intensity [Gonzalez et al., 2004] . For each image, the threshold gray scale value, used to define particle edges from the image background, was defined using Otsu's method [Otsu, 1979] . The particle areas in each image were converted to equivalent spherical volumes and apportioned into 35 logarithmically spaced diameter bins that overlapped with bins 23:32 of the LISST [Mikkelsen et al., 2004] .
[20] The LISST and DFC particle size distributions overlapped across 10 bins (bins 23:32) with nominal diameters from 47.7 to 250 mm. In this overlap region, volume concentrations from the DFC and LISST instruments did not agree precisely (Figure 3 ). In particular, it was common for LISST concentrations to decrease in the upper end of the overlap bins where concentrations measured by the DFC increased. A possible explanation for this divergence is that the LISST recognizes component particles within flocs as independent, whereas the DFC images them as part of the whole. To contend with this uncertainty, a new method was developed for combining data from the LISST and DFC (Figure 3 ). On a sample-by-sample basis, an overlap size bin was selected as the "merge bin" at which the two size distributions were joined. Bins less than or equal to the merge bin were assigned concentrations from the LISST. Bins greater than the merge bin were assigned concentrations from the DFC. The merge bin was selected to minimize the difference between the beam attenuation measured by the LISST and two times the total particle area concentration of the resultant merged spectrum.
[21] The strategy for merging data from the LISST and DFC assumes that the majority of particles were much larger than the wavelength of light, so they had attenuation efficiencies equal to 2. It also assumes that the acceptance angle of the LISST is small enough to recognize light scattered from large particles in the very near forward as scattered rather than transmitted. The merged distributions were truncated on the lower end at a size of 2.05 mm. On the upper end, the distributions were truncated at the largest size bin below which all concentrations were nonzero. Implicit in this treatment of the size distribution are the assumptions that particles smaller than 2.05 mm and large, rare particles do not contribute significantly to optical attenuation in the bottom boundary layer. This first assumption is at odds with other studies that argue that small particles contribute significantly to attenuation [e.g., Babin et al., 2003 ], but it receives support from the LISST size distributions, which show steep decreases in particle concentrations below diameters of approximately 5 mm (Figure 3 ). Our in situ observations of undisturbed particle size distributions indicate that the smallest particles in suspension likely are contained within aggregates. Supporting this hypothesis are the disaggregated particle size distributions measured from filters that show that particles smaller than 5 mm are present but not as individual entities.
[22] The LISST and DFC together measured size distribution and c p at 5-min intervals during extended deployments. It was not possible to gather direct observations of SPM at the same temporal resolution or over the same range of conditions. Therefore SPM was estimated from measured volume distributions by multiplying the volume concentration in each size bin by the density of a sphere with the nominal diameter of the size bin . Nominal densities were estimated by fitting a model [Khelifa and Hill, 2006 ] to in situ size-versus-settling-velocity data.
[23] The settling column equipped with a digital video camera was used to measure particle size and settling velocity. The column was equipped with a baffled top and a lid that rotated onto the top of the column 15 s prior to the measurement period. These features minimized flow disruptions of settling particles within the column. As particles settled in the column, 1-min video clips were recorded to 80-min mini Digital Video (miniDV) tapes. The 80, 1-min video clips were spread equally throughout each deployment period. For each clip, a sequence of four frames was used to estimate the mean equivalent circular diameter, settling distance, and settling time (the elapsed time of the four images) for each particle that appeared in at least 3 of the frames [Fox et al., 2004] . Floc effective density (r a − r), where r a is the floc bulk density (g m −3 ) and r is the density of seawater (g m −3 ), was estimated for each particle based on its settling velocity and diameter [Khelifa and Hill, 2006] . The model is based on analysis of 26 published data sets and designed to be a general tool for describing settling velocity and density as function of aggregate size. It accounts for decreasing floc density with increasing floc size in a way that is consistent with observations from the literature. In the model, r a − r follows the form
where r s is the density of the component grains in the flocs, D is the floc diameter, D c is the median component grain size diameter, and F relates particle mass to particle diameter. It is akin to a size-specific fractal dimension. The term F is given by
where a and b are coefficients that relate F to particle size. The parameter a is equal to 3. This value forces the fractal dimension to 3 as aggregate diameter approaches the diameter of the component particles. The value of b is given by the equation
Figure 3. Example of a combined size distribution (solid gray line) generated by merging LISST (solid black line) and DFC (dotted line) data, accompanied by the associated disaggregated inorganic grain size (DIGS) distribution (dashed line) measured from filters of the suspension collected in situ and at the same time. The merge bin between LISST and DFC distributions is chosen by comparing the projected area of the combined distribution to the beam attenuation coefficient. The merge bin that gives a total projected particle area closest to twice the attenuation coefficient is selected. Note that the LISST concentrations decrease at the upper end of the measured range, while the DFC concentrations increase over the same range. This effect likely arises because the LISST interprets the components of large flocs as independent entities, while the DFC recognizes the components as parts of a larger aggregate. The DIGS distribution suggests that the smallest particles in suspension are contained within larger aggregates, supporting the assumption (see text) that particles small with respect to the wavelength of light do not contribute significantly to attenuation.
In equation (11), F max is the value of F for the largest flocs, and D max is the diameter of the largest flocs. Settling velocities were fit to particle diameters according to this equation:
where w s is the particle settling velocity, g is the gravitational acceleration, m is the dynamic viscosity of seawater, and Re is the particle Reynolds number [Khelifa and Hill, 2006] . Component particle diameter (D c ) was taken as the volumetric median diameter of the disaggregated inorganic suspended particle size distribution captured by the in situ filtration system. The variable D max was computed from the 95th percentile of the floc diameters from the digital video camera on the settling column. Outlier diameters were not included. Outliers were identified by first binning the data into diameter bins, then discarding those particles with diameters not within 2 standard deviations of the bin median. The density and viscosity of water were calculated from temperature and salinity measured at MVCO. Values of F max and r s were found using a least squares fit of the model to the data. Mass concentration in each bin was estimated by multiplying volume concentration in each bin by the bin-specific particle densities estimated from equations (9)- (12). SPM was calculated by summing the mass concentrations in each bin. In this way, SPM was estimated over the same range of conditions and temporal resolution as c p and particle size.
[24] Accuracy of estimated SPMs was gauged by comparison with SPM measured from filtered samples. These samples were collected with the McLane water transfer system, which filtered a specified volume of a suspension through one of 24 filters. The intake for the transfer system was located at the same height as the other instruments, and the 24 samples were spaced equally throughout each deployment. Preweighed Millipore 8.0-mm SCWP (cellulose acetate) filters were used in the water transfer system. These filters were selected because they have effective pore sizes that are much lower than the nominal size, and they combine excellent trapping efficiency while minimizing clogging [Sheldon, 1972] . The filters were rinsed with super Q water to remove salts, then dried at 60°C and weighed to determine SPM concentration. For analysis of the size distribution of disaggregated grains in suspension, the filters were placed in a low-temperature (60°C) oxygen/plasma asher to remove the filter and organic matter while preventing the fusing of mineral grains. The remaining inorganic suspended sediments were resuspended in a 1% NaCl electrolytic solution before disaggregation with a sapphire-tipped ultrasonic probe. Size distributions were measured with a Coulter Multisizer IIe [cf. Law et al., 2008] , and geometric mean diameter was calculated.
[25] To estimate stress in the bottom boundary layer, an iron beam equipped with acoustic Doppler velocimeters (ADVs) was deployed. The ADVs were spaced alongshore at x = 0.0, 1.0, and 3.0 m. All sensors were 0.75 m above bottom. The sample rate was 20 Hz, and the measurements were processed in hour-long bursts. A direct estimation of the hour-averaged Reynolds stress was calculated following procedures outlined by Trowbridge and Elgar [2003] . To estimate the oscillatory wave-current stress at the seafloor, the Grant-Madsen model [Grant and Madsen, 1986 ] was applied, with a fixed value of the physical hydrodynamic roughness z o . The model inputs were the ADV-derived mean velocity, standard deviation of the wave-induced oscillatory velocity, dominant wave period, and angle between the mean and wave-induced oscillatory velocity. The model outputs are the shear velocity associated with the mean stress, the shear velocity associated with the maximum wave and current stress at the seafloor, and the shear velocity associated with the maximum wave stress at the seafloor. Shear velocities reported here (Figures 2 and 4) are associated with the maximum wave and current stress at the seafloor. The global value of z o was estimated by determining the best fit of the measured and modeled stresses.
Results
[26] Weather at MVCO in September 2007 forced a range of values in particle size and in the beam attenuation coefficient (Figure 4) . Median particle size from merged spectra ranged from less than 10 mm up to 150 mm, and the beam attenuation ranged from approximately 1 to 15 m −1 . Large particle sizes and beam attenuation coefficients were associated with three resuspension events in the middle of the month that were forced by strong winds and large waves from the south (Figures 2 and 4) . During these events, peaks in combined wave and current seabed stress led peaks in median particle diameter and c p . This pattern is associated with sediment limitation in the seabed . In short, as stress builds, sediment fine enough to be resuspended is mixed into a bottom boundary layer that is thick because of the high stress. High stress limits aggregate size, and a thick boundary layer combined with limited sediment availability causes lower values of c p . As the stress wanes due to decreasing winds and waves, large aggregates form because of lowered stresses and elevated sediment concentration [Manning et al., 2006; Mikkelsen et al., 2006; Milligan et al., 2007; Xu et al., 2008] . The beam attenuation coefficient rises as sediment remains suspended but in a thinner boundary layer. Eventually, median particle diameter and c p decrease to low values because of sedimentation at low stress [Manning et al., 2006; Mikkelsen et al., 2006; Xu et al., 2008] .
[27] Size-settling velocity data were used to estimate two parameters for the Khelifa and Hill [2006] model of aggregate density: F max , which is the "fractal dimension" of the largest aggregates in suspension, and r s , which is the density of the component grains. Because of large scatter due to variable particle composition, these parameters cannot be estimated precisely from a single video clip, so estimates were made by pooling data from many clips. The clips were grouped by deployment and by seabed stress. Neither of these groupings produced significantly different values of F max or r s among deployments, implying that, despite significant variability of particles within the population, all particles in the five deployments can be considered to have come from the same population [Ganju et al., 2006] (Tables 1 and 2 ). This postulate is consistent with the hypothesis that local resuspension supplies sediment to the bottom boundary layer. Because of the lack of discernible differences among groups, all size-settling velocity data were merged, and the Khelifa and Hill [2006] model was fit to the entire data set. Resulting values for F max and r s were 2.25 and 1.150 g m −3 , respectively. The low density of aggregates indicates that they were organic rich. The value of the fractal dimension of the largest aggregates is similar to values measured in other studies [Syvitski et al., 1995; Hill et al., 1998; Sternberg et al., 1999; Fox et al., 2004] .
[28] Measured SPM and SPM estimated with the above inputs are linearly related, but the slope of a best fit linear regression of estimated SPM on measured SPM equals 1.83 and is significantly greater than unity ( Figure 5 ). This result indicates that the method for estimating SPM from volume distributions overpredicts the suspended particulate mass concentration. Other studies comparing measured SPM and SPM estimated from size distributions have found similar results [Curran et al., 2002 [Curran et al., , 2004 Fox et al., 2004] . A reasonable explanation for overestimation of SPM is application of an incorrect drag law that does not account for drag reduction caused by passage of fluid through large throats in loose particle aggregates [Li and Logan, 1997] . Reduction of drag means that a fractal, porous and permeable aggregate will sink faster than an equal-sized solid sphere of the same mass. Failure to account for this effect results in overestimation of particle mass and density, and as a result, suspended particulate mass. This explanation receives some support from examination of the relationship of estimated to measured SPM at lower values ( Figure 5 ). Nearer the origin, the slope of the best fit of estimated to measured SPM is closer to 1. Particles at low concentrations were smaller ( Figure 4 ) and likely had fractal dimensions closer to 3, so errors arising from failure to account for the fractal geometry of flocs should be less. Another possibility for mismatch between estimated and measured SPM is that the settling model for the smallest particles in the distribution is in error because direct observations of the size-settling velocity relationship only extend to particles as small as approximately 100 mm diameter. A third possibility for overestimation of SPM is bias in the measured SPM arising from use of filters with a large nominal pore size that allow a significant fraction of the suspended mass smaller than the nominal pore size to pass through the filter. This explanation is unlikely because the Millipore 8.0-mm SCWP (cellulose acetate) filters used in this study have high trapping efficiencies and because the effective filtration diameter is much below the nominal pore size [Sheldon, 1972; Figure 3] .
[29] Accounting for any of these causes of mismatch between measured and estimated SPM is not possible with the data that were collected, so estimated SPM were corrected This range allows examination of the effect of particle size on c p :SPM over a broad range of conditions. empirically. Under the assumption that an incorrect drag law was the source of error in estimation of SPM, a drag correction factor was determined iteratively. For a range of drag correction factors, the Khelifa-Hill model was used, with the drag reduced, to estimate corrected SPM, as described in section 3. The sum of the squares of the differences between the estimated and measured masses was then computed for each drag correction factor. The correction factor that yielded the smallest sum of squared differences was determined. The resulting drag correction factor was 0.58. This correction brings estimated SPM into the range of measured SPM ( Figure 6 ).
[30] The relationship between c p and SPM is linear, with a slope plus or minus two standard deviations of 0.22 ± 0.0015 g m −2 (Figure 6 ). The value of this slope, which is The most likely source of error is application of an incorrect drag law to porous and permeable flocs (see text for details). If an incorrect drag law is the source of error in estimated SPM, then the magnitude of error should be smaller for smaller particles because they are less porous and permeable than the larger, looser flocs. Also shown is (right) the comparison of estimated to measured SPM when concentrations and particle sizes were smaller. The slope of a line fit to these data (solid line) is closer to the 1:1 (dashed) line, supporting the hypothesis that an incorrect drag law leads to overestimation of the mass of flocs. found in the recent study by Boss et al. [2009c] , although it is important to note that the acceptance angle of the SeaTech transmissometers used in the Boss study is significantly larger than the acceptance angle of this LISST. Linearity applies over a large range of SPM and c p despite large variability in particle size. When c p :SPM is plotted versus median diameter, it is apparent that over a large size range, this ratio is relatively constant, varying only over a factor of about 2 (Figure 7) . When median diameters are small, however, c p :SPM values range over a factor of 10 ( Figure 7) . These results indicate that variable particle size is not the primary factor in generating variability in c p :SPM, and they are consistent with theoretical and field work that place predicted values in the range of 0.2-0.6 [Boss et al., 2009b [Boss et al., , 2009c . Other factors must be responsible the wide range of literature values of c p :SPM.
Discussion
[31] The results show that particle size does not affect c p :SPM as strongly as predicted by theory for solid particles. Over a range in median particle size from 10 to over 100 mm, c p :SPM is constrained to values between 0.2 and 0.4. This factor-of-two range is much smaller than the more than factor-of-ten range that would obtain if the particles were solid. This relative insensitivity of c p :SPM to particle size supports the theoretical work of Boss et al. [2009b] that attributes lack of sensitivity to size to the fractal geometry of natural particles. The results support the application of transmissometers to estimation of suspended particulate mass in coastal waters, even in the presence of widely varying particle size. That said, the need for careful calibration to obtain the appropriate c p :SPM remains because this ratio is observed to vary by over an order of magnitude across different environments (Figure 1) . Lack of sensitivity of c p :SPM to particle size measured here indicates that the range in literature values arises from another source. Possible causes of variability are systematic measurement bias, particle composition, and particle packing geometry.
[32] One source of systematic measurement bias stems from a finite acceptance angle for measurement of light transmission [Piskozub et al., 2004; Boss et al., 2009a] . Optical instruments accept a small range of angles on either side of a directly transmitted beam as transmitted rather than scattered in the near forward direction. Piskozub et al. [2004] and M. Jonasz and E. Boss (see http://www.tpdsci. com/Tpc/VsfSmlAngNatDsp.php) argue that the amount of scattered light that is recorded as transmitted could be large, accounting for as much as 50-80% of the total scattering for large scatterers like bubbles. More importantly, the magnitude of this forward scattering error depends on particle size, because small particles tend to scatter light more isotropically than large particles, which scatter strongly in the nearforward [Piskozub et al., 2004; Boss et al., 2009a] . As particles in a suspension clump to form large aggregates, it is possible that a growing fraction of the scattered light would be recognized by the sensor as transmitted light, thereby driving the c p :SPM toward lower values. Because more concentrated suspensions often are more aggregated [e.g., Milligan et al., 2007] , c p :SPM values may fall with increasing sediment concentration. Boss et al. [2009a] provided evidence of this effect by codeploying transmissometers with different acceptance angles. When the particle size distribution was relatively enriched in large particles, the difference in the beam attenuation coefficient measured by a SeaTech transmissometer, with a relatively large acceptance angle, was less than half the attenuation coefficient measured by a Sequoia Scientific LISST 100x Type Floc, with a relatively small acceptance angle. When large particles were rarer, the beam attenuation coefficients measured by the two instruments converged.
[33] The majority of estimates of c p :SPM in Figure 1 were collected with SeaTech 25-cm-path length transmissometers, which have an acceptance angle just over 1°. If a substantial fraction of the total mass in suspension resided in particles with diameters larger than about 10 mm, then attenuation could be underestimated by a factor of about 2 for weakly absorbing particles [Boss et al., 2009a] , explaining a significant portion of the variability in literature values of c p :SPM. If this proposed indirect effect of particle size on c p :SPM does explain covariation between c p :SPM and suspended sediment concentration, then the effect would be less significant in this study because the LISST 100x Type B has an acceptance angle of only 0.026°. With such a small acceptance angle, only when aggregates grow to over 100 mm should an effect be noticeable, and then observed attenuation coefficients theoretically would be reduced by less than 25% [Boss et al., 2009a] . It is interesting to note, however, that the value of c p :SPM measured in this study with an instrument with a small acceptance angle falls in the range of literature values measured at similar maximum concentrations with instruments with a larger acceptance angle. If acceptance angle was the primary source of variability in c p :SPM, then values estimated with instruments with small acceptance angles like the LISST 100x should yield higher estimates of c p :SPM than those yielded by instruments with larger acceptance angles. Overall, use of instruments with smaller acceptance angles will reduce the potential bias and/or unconstrained variability in c p :SPM introduced by forward scattering error [Piskozub et al., 2004] , but unfortunately smaller acceptance angles also reduce the signal-to-noise ratio.
[34] Multiple scattering is another potential source of measurement bias that could cause c p :SPM to fall with increasing concentration. The linear correlation between c p and SPM (equation (5)) is based on the assumption that photons scattered by a particle are permanently lost from the transmitted beam. Some photons that are scattered away from the receiver by a particle, however, can be scattered back toward the receiver by subsequent scattering by another particle. In this way, multiple scattering can increase transmission of light to the receiver, thereby reducing the measured beam attenuation coefficient [Piskozub et al., 2004] and values of c p :SPM. Multiple scattering becomes a factor when the optical depth, which is the product of path length and beam attenuation coefficient, exceeds 0.3 [van de Hulst, 1981; Piskozub et al., 2004] . This limit, of course, is dependent on the angular distribution of scattered light, and it will be larger for suspensions richer in large particles. Nonetheless, for a 25-cm path length transmissometer, as used in most of the studies in Figure 1 , c p values above 1.2 will be affected by multiscattering error. At such low values, maximal c p : SPM values are near unity (Figure 1 ), indicating that multiple scattering affects most of the measurements in the literature.
Theoretical work, however, shows that the error is not large as long as optical depths remain below 10. For suspensions of small particles, maximum underestimation of c p would be 28%, whereas for large particles underestimation would be only a few percent [Piskozub et al., 2004] , which interestingly shows that multiple scattering at high concentrations acts to reduce the effect of particle size on estimates of c p :SPM.
[35]
To determine approximately what sediment concentration is associated with an optical depth of 10, consider a 25-cm path length transmissometer and an assumed c p :SPM of 0.5, which is the approximate median of the literature values in Figure 1 . With these parameters an optical depth of 10 corresponds to a sediment concentration of 80 g m −3 . For the LISST 100x Type B used in this study, which has a 5-cm path length, and a c p :SPM of 0.22, the sediment concentration associated with an optical depth of 10 is slightly greater than 900 g m −3 . Only two of the literature values for c p :SPM derive from environments where maximal sediment concentration was greater than or equal to 80 g m −3 , suggesting that multiple-scattering error is small.
[36] Particle composition can also contribute to variability in c p :SPM. Babin et al. [2003] conducted a theoretical evaluation of the effect of particle composition on scattering, and because attenuation at the wavelengths used by most transmissometers is dominated by scattering, the results of their analysis are applicable here. In short, they found that a change from organic matter to inorganic matter can reduce c p :SPM by a factor of 2. They argued that composition can explain the reduction in c p :SPM moving from deep water, where particles tend to be biogenic, to shallow water, where mineral particles are more common because of input from land and resuspension from the seabed. The reason for the reduction is the density difference between organic and inorganic particles. Bulk density of organic matter is near that of water, while densities of typical inorganic minerals range from 1.9 to 2.8 g m −3 . As a result, the areal cross section per unit mass for an organic particle typically is more than twice as large as for an inorganic particle of the same size. Organic particles, however, have a lower refractive index than inorganic particles, which reduces the effect of composition to the factor of 2 proposed by Babin et al. [2003] . Because the higher values of sediment concentration in Figure 1 come from coastal environments where inorganic particles in suspension would be more common, the fall in c p :SPM with increasing concentration may be explained in part by a shift in particle composition. Recent field observations by Bowers et al. [2009] support this explanation for variability in mass-normalized scattering coefficients. They conclude that 65% of the variability in the ratio of scattering coefficient to SPM is due to particle density, and only 15% of the variability is due to particle size.
[37] A final explanation for the observed decrease in c p : SPM with increasing sediment concentration is variable particle packing geometry, as embodied in the fractal dimension F (equation (10)). Observations in a range of environments show that F can vary widely, from just over 1 to just under 3. Values tend to cluster around 2, however, with 1.8 as a representative lower bound and 2.4 as a representative upper bound [Logan and Wilkinson, 1990; Syvitski et al., 1995; Hill et al., 1998; Dyer and Manning, 1999; Fox et al., 2004] . Theoretically, sticky particles form loose aggregates with lower fractal dimensions than less sticky particles. The basis for this argument is that less sticky particles can adjust position within an aggregate, and in the process become closer to neighboring particles. Particle adjustments produce denser aggregates, explaining why sticky organic aggregates often have lower fractal dimensions than less sticky inorganic aggregates [Logan and Wilkinson, 1990] . Fractal dimension can affect c p :SPM by affecting particle density as a function of size. For two aggregates with the same geometric cross section and made up of the same size component grains, the one with the larger fractal dimension will be denser (equation (9)). As a result, its crosssectional area per unit mass will be smaller, driving down the c p :SPM ratio in the suspension.
[38] The effect of particle packing geometry on c p :SPM likely is small. In the extreme, a fractal dimension of 3 would produce a particle with a density equal to its component particles, while a fractal dimension much less than 2 would produce an aggregate with a density near that of water. This extreme situation would produce variability in c p :SPM similar to the variability caused by organic versus inorganic particle composition. Realistically, the effect of particle packing geometry would be much less. Consider a situation in which aggregates are 50 times larger in diameter than their component grains, e.g., 250-mm diameter aggregates formed from 5-mm diameter component particles. Assuming a component particle density of 1.15 g m −3 estimated here, a seawater density of 1.025 g m −3 , and a range of fractal dimensions from 1.8 to 2.4, equation (9) indicates that floc density changes by approximately 1%.
[39] This analysis of sources of variability in c p :SPM identifies particle composition as an important parameter in the conversion of an optical signal into suspended particulate mass. Caution is necessary, therefore, in interpretation of optical data gathered from environments where composition varies widely. Variability is evident in this data set when median particle sizes were small (Figure 7) , which occurred when stresses were small, resuspension was absent, and biological processes plus advection of coastal water masses determined the composition of particles in suspension. Local resuspension events homogenized the particle composition and reduced the variability in c p :SPM. In the presence of compositional variability, a few options exist for constraining the value of c p :SPM. The first is to employ traditional calibrations with directly measured SPM throughout a time series. This strategy is usually not practical. A pragmatic solution is to use the trend in Figure 1 to constrain c p :SPM based on maximum observed sediment concentration. A third option is to measure optical properties that can serve as a proxy for composition. Boss et al. [2009c] and Loisel et al. [2007] showed that the backscattering-to-beam-attenuation ratio and the ratio of POC to SPM are inversely correlated. On the basis of such measurements, different values for c p :SPM could be assigned to different periods in a deployment, thus improving the accuracy of the conversion from beam attenuation to suspended particulate mass.
Conclusions
[40] A large fraction of the suspended particulate mass of marine particles is contained in aggregates that incorporate increasingly large void fractions as they grow in size. As a result, solid mass within aggregates scales more closely with particle projected area than with particle volume. Because optical attenuation due to large particles also scales with projected area, c p and SPM retain a linear correlation even when particle size varies. The theoretical basis for this hypothesis [Boss et al., 2009b] now has firm support from the field measurements reported here.
[41] For years, the order-of-magnitude variability in the ratio of c p to SPM has been attributed to variable particle size, but results here suggest that variability due to particle size only accounts for a factor-of-two range in c p :SPM. Another factor-of-two range in the value of c p :SPM likely arises from compositional variability of suspended particles. Organic particles with densities near that of water have higher projected area per unit of solid mass than inorganic particles that have densities 2 to 3 times larger. The effect of the density difference is muted by the lower refractive index of watery organic particles. Another possible source of factor-of-two variability is due to the effect of finite instrument acceptance angles, especially with the commonly used SeaTech 25-cm path length transmissometer. For large particle aggregates, these devices may recognize light scattered in the near forward direction as transmitted light, lowering the beam attenuation coefficient and c p :SPM. Because large aggregates are more abundant when SPM is large, forward scattering error should also grow with increasing sediment concentration. Multiple scattering error and aggregate packing geometry likely do not affect c p :SPM significantly. Together, variable composition, size, and forward scattering error can explain the order-of-magnitude variability in literature values of c p :SPM.
[42] The constrained response of transmissometers, and by implication other optical sensors, to particle size explains why such devices, with adequate calibration, have provided reasonably accurate estimates of suspended particulate mass in natural waters. Accuracy in the conversion from an optical property to SPM would benefit from the development and implementation of simple optical proxies of particle composition. Forward scattering error is reduced significantly by use of transmissometers with small acceptance angles. With these improvements to technology, transmissometers can provide accurate estimates of suspended particulate mass even in the presence of widely varying particle sizes. . T p dominant wave period, s. u * wave plus current shear velocity, m s −1 . w s particle settling velocity, m s −1 . a particle geometry parameter, dimensionless. b particle geometry parameter, dimensionless. m fluid dynamic viscosity, g m −1 s −1 . r a aggregate density, g m −3 . r s component particle density, g m −3 . r fluid density, g m −3 .
